The hydrocarbon exploration is presently going on well in the Bohai Bay Basin, where several coal-derived gas fields have been found in the Upper Palaeozoic. However, no significant breakthrough has been made in the exploration of Eastern Linqing Depression, which is located in the southwest of the Bohai Bay Basin. To improve the gas exploration efficiency, this study employed the petroleum system theory to analyze the accumulation elements and processes of coal-derived gas of Upper Palaeozoic in this area, and further summarized the natural gas accumulation model. Results showed that the source rocks of Upper Palaeozoic in Eastern Linqing Depression mainly consist of coal-measure strata of Benxi-Taiyuan Formations of Carboniferous, as well as Shanxi Formation and the Lower Shihezi Formation of Permian. Reservoirs are widely distributed from the bottom to the top, mainly consisting of carbonate rocks and sandstones. The carbonate rock reservoirs include the weathering crust of Ordovician and the dolomite within Ordovician, while sandstone reservoirs include the distributary channel sand bodies of delta plain and the meandering river channel sand bodies in Upper Palaeozoic, as well as sandstones of river and lacustrine in Mesozoic and Cenozoic. The whole region is covered by the semideep-deep lacustrine mudstone of Sha 3 member (Es 3 ) of Palaeogene, which constitutes the regional cap rock in presence of many other localized cap rocks. There are four source-reservoir-cap assemblages including Upper Palaeozoic-generating and Mesozoic-preserving assemblage, Upper Palaeozoic-generating and Cenozoicpreserving assemblage, Upper Palaeozoic-generating and Upper Palaeozoicpreserving assemblage and Upper Palaeozoic-generating and Lower Palaeozoicpreserving assemblage. The source rock, reservoir and cap rocks match well in time and space. Tectonic evolution controlled the thermal evolution of the Upper Palaeozoic coal-measure source rocks, which experienced five hydrocarbon generation stages. Hydrocarbon generated from the coal strata of Upper Palaeozoic migrated to the surrounding traps through migration pathways consisting primarily of faults, cracks and unconformities, among which faults and unconformities played a major role. Multiple types of traps, mainly structural traps, were formed by the intense tectonic movements that historically occurred in this area. The trap formation stages match well with the hydrocarbon generation stages. By analyzing the accumulation conditions of coal-derived gas of Upper Palaeozoic, we identified four accumulation models and further predicted the favorable hydrocarbon accumulation zone in the study area.
INTRODUCTION
From a large-scale perspective, Eastern Linqing Depression in the southwest of Bohai Bay Basin belongs to Huabei Craton. It is a Mesozoic-Cenozoic superimposed basin developed on the Palaeozoic basement and controlled by the Lanliao boundary fault (Jiang et al., 1997) . Eastern Linqing Depression has experienced intense transformations by Indosinian movement, Yanshanian movement, and Himalayan movement. Local hydrocarbon exploration was started in 1955, and substantial achievements have been made in both research and exploration during the last 56 years. To date, 70 prospecting wells have been finished in Eastern Linqing Depression. Among these, evidence of hydrocarbon appeared in wells Kanggu-2 and 4 and Tanggu-1, 4 and 5, with commercial oil flows found in wells De-1 and 2. Oil source correlation showed that the oil came from source rocks of Sha 3 Member (Es 3 ) and Sha 4 Member (Es 4 ) of Palaeogene with low maturity (Hou et al., 1996) . In addition, commercial coal-derived gas generated by coal-measure source rocks of the Upper Palaeozoic was found in well Gaogu-4 after fracturing. Presently, there is no other breakthrough in exploration of Eastern Linqing Depression.
In recent years, hydrocarbon exploration of the Upper Palaeozoic has achieved substantial progress in the Bohai Bay Basin, where several coal-derived gas reservoirs were successively found, including Suqiao and Dacheng gas reservoirs in the eastern slope of Jizhong Depression, Wumaying gas reservoir in Southern Huanghua Depression, Wenliu gas reservoir in Dongpu Depression and Gubei gas reservoir in Jiyang Depression. Oil source correlation showed that the gas was generated by Carboniferous-Permian coal-measure source rocks of the Upper Palaeozoic (Zeng et al., 2000; Fu et al., 2002; Zhang et al., 2003; Xu et al., 2003; Zhang et al., 2004; Zheng et al., 2006; Li, 2006; Yang et al., 2007; Yin, 2007; Guo et al., 2009; Jiang et al., 2009; . These facts indicate the good prospect and potential for exploration of coal-derived gas generated by Upper Palaeozoic source rocks in the Bohai Bay Basin. As local Carboniferous-Permian coal-measure source rocks are well developed with large thickness and wide distribution, the Upper Palaeozoic of Eastern Linqing Depression has long been considered as a favorable area for coal-derived gas exploration.
However, Eastern Linqing Depression has experienced multiple, intense tectonic movements, with well-developed faults and complex depositional, burial and thermal evolution history. These facts have resulted in complex hydrocarbon accumulation conditions and difficulty in exploring local hydrocarbon resources. Using different methods, many researchers studied the accumulation characteristics of the coalderived gas generated by Upper Palaeozoic source rocks in Eastern Linqing Depression from various perspectives (Li et al., 1997; Chen et al., 1998; Zhu et al., 1998; Xu et al., 2002; Lü, 2006; Ma et al., 2009; . Although these studies improved understanding of gas accumulation conditions and effectively guided hydrocarbon exploration in Eastern Linqing Depression, most of them have focused on characteristics and evolution of coal-measure source rocks of the Upper Palaeozoic (Lü, 2006; Yu, 2006; Ma et al., 2009) . To date, no systematic geological survey of natural gas has been conducted for Upper Palaeozoic throughout Eastern Linqing Depression. Consequently, characteristics of the gas accumulation and distribution have not been fully understood, restricting further gas exploration in this area. Based on previous findings in Eastern Linqing Depression, we used the theory of petroleum system to analyze associated geological elements and processes of natural gas accumulation. Our work confirmed the good accumulation conditions and large exploration potential of the Upper Palaeozoic of Eastern Linqing Depression. Moreover, we summarized the natural gas accumulation models in this area based on the identified reservoirs and proposed the favorable prospect area with geological basis for subsequent hydrocarbon exploration.
REGIONAL GEOLOGY
The Linqing Depression, with Lanliao fault as the eastern border, is surrounded by several structural units including west Shandong Uplift to the east, Taihang Uplift to the west, Jizhong Depression, Cangxian Uplift, Huanghua Depression and Jiyang Depression to the north, and Neihuang Uplift and Dongpu Depression to the south. The Linqing Depression extends across Hebei, Shandong and Henan provinces, with an area of approximately 25 000 km 2 . Eastern Linqing Depression reaches Wuqiao to the north, Guanxian to the south, and Linqing-Wucheng to the east. It consists of three secondary structural units -Dezhou-Guanxian Sag, Shenxian Sag and GaotangTangyi Bulge, covering an area of approximately 5,000 km 2 (Fig. 1) . The strata are preserved well in Eastern Linqing Depression except the regional-absent Upper Ordovician, Silurian, Devonian and Lower Carboniferous. Nine structural layers identified from the bottom to the top include ∈-O, C-P, T 1-2 , J 1-2 , J 3 -K 1 , Ek-Es 4 , Es 3 -Es 2 , Es 1 -Ed and N-Q (Fig. 2) . Numerous, well-developed faults can be divided into two groups according to the strike: the faults strike to the NW or nearly EW to the north of the Xiajin-well Decan-2 transverse tectonic transfer zone, and mainly strike to the NE to its south. The structural framework of Eastern Linqing Depression is characterized by "east-west zonation and north-south segmentation" (Zhu et al., 1998) .
METHODOLOGY
Using the petroleum system theory and method, we analyzed the hydrocarbon accumulation elements and processes of the Upper Palaeozoic coal-derived gas in Eastern Linqing Depression, and then summarized the hydrocarbon accumulation models. The accumulation elements include source rock, reservoir, cap rock and overburden rock, while the accumulation processes consist of hydrocarbon generation, migration, trap and accumulation. Only if these basic elements and processes co-exist and occur following a certain sequence of time and space, the hydrocarbon generated by source rocks can accumulate effectively.
We studied the lithology, thickness, organic matter abundance and type of the Upper Palaeozoic source rocks in Eastern Linqing Depression. According to drilling, logging and physical data, we analyzed the stratigraphic position, types and reservoir properties of the favorable reservoir. In combination with the strata developing in the vertical direction, we summarized the types of source-reservoir-cap assemblage. The hydrocarbon generation stages of Upper Palaeozoic source rocks were determined according to the single-well burial history, microscopic fluorescent observation and micro-thermometry of fluid inclusions. In combination with the regional geology and tectonic evolution of the study area, we studied the migration pathway and the formation time and types of traps in Eastern Linqing Depression, further discussed the matching relations of the three processes -hydrocarbon generation, migration and trap. Finally, we summarized the hydrocarbon accumulation model of Upper Palaeozoic coal-derived gas based on the findings regarding hydrocarbon accumulation conditions and the typical hydrocarbon reservoir which provides a geological basis for evaluating the favorable exploration area.
The theory of petroleum system provides a framework and method for comprehensive analysis, evaluation and prediction of hydrocarbon accumulation. It limits the hydrocarbon exploration in a petroleum system, thus effectively reducing the exploration risk.
RESULTS

Geological elements of accumulation
Characteristics of source rocks
Favorable source rock that forms the material basis for hydrocarbon generation is the prerequisite for hydrocarbon accumulation in sedimentary basins (Sun et al., 2006; . In our study area, Carboniferous-Permian of the Upper Palaeozoic developed paralic depositional systems including coastal continental margins, deltas, lakes and rivers. Among these depositional systems, gulf lagoons, coastal marshes and tidal flats of the coastal continental margin sedimentary system, as well as inter-distributary bays and marshes of the delta system are weak oxidation-reduction depositional environments, where humid climate and enclosed water bodies favor the growth of aquatic organisms, algae and terrigenous higher plants. The organic enrichment resulted from accumulation and decomposition of dead biological bodies provides favorable conditions for source rock formation. The source rocks of Upper Palaeozoic in Eastern Linqing Depression include dark mudstone, coal, carbonaceous mudstone and bio-accumulated limestone developed in Benxi-Taiyuan Formation of Carboniferous and Shanxi Formation and Lower Shihezi Formation of Lower Permian. The coal-measure strata are widely distributed throughout the study area, with a consistent thickness of approximately 100-250 m (mudstone 100-200 m, coal 10-25 m (Figs. 3 and 4) ).
Geochemical data of wells Degu-2, Gaogu-4, Gaogu-7 and Gaogu-5 showed that the organic carbon content of dark mudstones in Taiyuan and Shanxi Formation ranged from 2.64% to 8.64% (averaging 5.05%) and associated hydrocarbongenerating potential ranged from 1.93 mg/g to 6.72 mg/g (averaging 4.76 mg/g). The organic carbon content of carbonaceous mudstones ranged from 2.98% to 13.39% (averaging 8.53%), and associated hydrocarbon-generating potential ranged from 3.9 mg/g to 30.73 mg/g (averaging 9.52 mg/g). Highest organic carbon content and hydrocarbon-generating potential were found in coals, ranging from 60.54% to 80.43% (averaging 71.64%) and 16.98 mg/g to 302.59 mg/g (averaging 146.46 mg/g), respectively. Overall, dark mudstones and carbonaceous mudstones that contain abundant organic carbon are moderate to good source rocks, while coals are considered as very good source rocks. Comprehensive analyses of kerogen chemical composition and mudstone and coal maceral showed that major kerogen types included II 1 , II 2 and III, with kerogen-III as the dominant type (Fig. 5) , and that major maceral was vitrinite which is favorable for gas generation (Table 1 and 2). Figure 5 . Kerogen Van Krevelen's diagram of Upper Palaeozoic source rocks.
Characteristics of reservoir
Reservoirs are widely distributed in Eastern Linqing Depression, vertically spanning from Palaeozoic to Palaeogene. The reservoirs of Palaeozoic include carbonates of the Lower Palaeozoic and sandstones of the Upper Palaeozoic. Carbonate reservoirs of Lower Palaeozoic include the weathering crust of Ordovician and the dolomite within Ordovician. The weathering crust of Ordovician is in the upper part of Fengfeng Formation, mainly consisting of limestones formed by karstification at Caledonian period. Associated reservoir spaces include dissolution pores, cracks and caverns, which were seriously filled at the late stage. The dolomite within Ordovician is mainly in Yeli-Liangjiashan Formations, with reservoir spaces dominated by intercrystal pores and cracks. The porosity of Lower Palaeozoic carbonate reservoirs is < 10%, generally ranging from 1% to 2%. Associated permeability ranges from 0.47×10 -3 µm 2 to 1.39×10 -3 µm 2 . The reservoir properties of these rocks are generally poor. The distributary channel sand bodies of delta plain and meandering river channel sand bodies have been well developed in the Upper Palaeozoic and distribute widely on the plain, with a cumulative thickness of 100-150 m (Zhang et al., 2008 ). The reservoirs are mainly siltstones and fine sandstones distributed in the upper part of Lower Shihezi Formation and the lower part of Upper Shihezi Formation. The reservoir spaces of the Upper Palaeozoic sandstone are dominated by intragranular dissolution pores, introgranular dissolution pores and cracks, while the primary pores are not developed (Fig. 6A ). The pore structures are generally poor, with those of the Upper Shihezi Formation relatively good. The porosity is generally < 10% and the permeability is < 0.4×10 -3 µm 2 . Overall, the Upper Palaeozoic sandstone reservoirs in the study area have low porosity and low permeability.
The Mesozoic generally belongs to continental fluvial-lacustrine deposits, in which the sandstones are widely distributed with porosity ranging from 5% to 15%. In the Lower-Middle Triassic and Lower-Middle Jurassic, the reservoir spaces are dominated by secondary pores with few primary pores due to the deep depth and intense diagenesis of the sandstones, which are compact with poor reservoir property. In contrast, the sandstones of Upper Jurassic-Lower Cretaceous, especially Lower Cretaceous, have good reservoir property with well developed primary pores and good permeability (Fig. 6B) .
The fluvial and lacustrine sandstones are well developed in Palaeogene of Eastern Linqing Depression with consistent thickness and good reservoir property. Among these strata, the Sha 1 Member (Es 1 ), Sha 2 Member (Es 2 ) and Sha 3 Member (Es 3 ) of Palaeogene have the best reservoir properties with porosity ranging from 10% to 20% and permeability ranging from 2×10 -3 µm 2 to 4×10 -3 µm 2 generally (Figs. 6C and 6D). In contrast, the Kongdian Formation (Ek) and Sha 4 Member (Es 4 ) have relatively poor reservoir properties with porosity ranging from 5% to 11% and permeability ranging from 0.1×10 -3 µm 2 to 0.5×10 -3 µm 2 generally.
Characteristics of source-reservoir-cap assemblage
The vertical distribution of hydrocarbon reservoirs is controlled by the combination of source rocks, reservoir rocks and cap rocks. Favorable source-reservoir-cap assemblage ensures the timely transport of hydrocarbon generated by source rocks to the reservoir, while cap rocks prevent hydrocarbon loss from the reservoir. The cap rocks are well developed in Eastern Linqing Depression, including one regional cap rock and several localized cap rocks. The major regional cap rock is the semideep-deep lacustrine mudstone in Sha 3 Member (Es 3 ) of Paleogene, which is characterized by large thickness and consistent distribution. Several localized cap rocks include the micrite and gyprock within Ordovician of Lower Palaeozoic, the mudstone in the upper part of Shiqianfeng Formation, the upper part of Upper Shihezi Formation, the lower part of Lower Shihezi Formation, Shanxi Formation, Taiyuan Formation and Benxi Formation of Upper Palaeozoic, the fluvial-lacustrine-paludal facies coal-measure strata of Lower-Middle Jurassic, as well as the shore-shallow lacustrine mudstone and oil shale of Sha1 Member (Es 1 ).
These cap rocks vertically match well with reservoir rocks in the study area, resulting in a perfect source-reservoir-cap assemblage. According to the configuration (4) Upper Palaeozoic-generating and Cenozoic-preserving assemblage. This assemblage contains sandstone in Cenozoic as the reservoir and mudstone and oil shale in Cenozoic as the cap rock.
Geological processes and models of hydrocarbon accumulation 4.2.1. Hydrocarbon generation
The source rocks of Upper Palaeozoic in Eastern Linqing Depression have experienced hundreds of millions years of geological thermal evolution, significantly affected by the whole uplift at Indosinian period, differential subsidence at Yanshanian and Himalayan periods, and magmatic-hydrothermal metamorphism. The multiple burying-uplifting and warming-cooling processes have interrupted or slowed down hydrocarbon generation of source rocks for several times, resulting in the feature of multi-stage hydrocarbon generation. Among the multiple factors that affect the maturation of Upper Palaeozoic coal-measure source rocks, tectonic movement is a decisive factor. Due to different tectonic evolution, various structural units differ distinctly in the hydrocarbon generation history. The source rocks in fault depressions (or sags) have a high degree of evolution and reached maturity, or even over-maturity, while those in the bulge have a lower level of evolution and even some have not reached maturity (Table 3) .
According to the single-well burial history (Figs. 7 and 8), Eastern Linqing Depression experienced consistent deposition from the Late Carboniferous to Middle Triassic. The Upper Palaeozoic source rocks reached the hydrocarbon generation threshold and began to generate hydrocarbon at the Early-Middle Indosinian period (T 1-2 ). Then, the Indosinian movement in Late Triassic uplifted and eroded the whole region, further stopping the first hydrocarbon generation. The study area subsided again in Jurassic and the second hydrocarbon generation occurred when the geotemperature of Upper Palaeozoic source rocks exceeded that at the Early-Middle Indosinian period (T 1-2 ). Then, the Early Yanshanian movement in Middle Jurassic uplifted and eroded the whole region, resulting in the cease of the second hydrocarbon generation. From Late Jurassic, different regions of Eastern Linqing Depression showed variations in tectonic evolution and different structural units such as sag and bulge appeared. As shown in Figure 7 , Upper Palaeozoic source rocks in the sags experienced three times of subsidence corresponding to the times of hydrocarbon generation at Middle Yanshanian period (J 3 -K 1 ), Early-Middle Himalayan period (E) and Late Himalayan period (N-Q) after the Early Yanshanian movement. In contrast, the bulges in the study area were uplifted from Late Jurassic to the end of Paleogene (Fig. 8) . Although the bulges subsided again in Neogene, hydrocarbon generation of Upper Palaeozoic source rocks did not occur due to the shallow burial depth (Fig. 8) .
Microscopic fluorescent and micro-thermometry were performed on 76 fluid inclusions of Carboniferous-Permian collected from 6 wells in Eastern Linqing Depression. Microscopic fluorescent observation showed that hydrocarbon inclusions were mainly distributed in granular fractures, edges of quartz overgrowth and calcite veins filled in the cracks. Various fluorescent colors indicated different components of organic inclusions and reflectd the degree of organic matter thermal evolution. There were mainly gas-rich inclusions and pure gas hydrocarbon inclusions, except for a few oil inclusions with blue green and blue white fluorescence, asphaltic sandstone and oil impregnation in the Carboniferous-Permian of wells Gaogu-5 and Degu-2 (Fig. 9) . (Fig D' is the fluorescent image of Fig D) . Thus, we speculate that the Upper Palaeozoic source rocks experienced two oil generation stages and at least one-to-two gas generation stages, with gas generation as the dominant process. Micro-thermometry results showed 5 thermal fluid activities, 4 oil injections and 4 hydrocarbonaceous fluid activities in Carboniferous-Permian. The age of hydrocarbon filling the reservoir was obtained by projecting the homogenization temperature of brine inclusions accompanied with oil inclusions to the figure of single-well burial history with a paleotemperature curve (Kelly et al., 2000; Middleton et al., 2000) . The age was found consistent with hydrocarbon generation stage. Together these results indicate that the Upper Palaeozoic coalmeasure strata in the fault depressions (or sags) experienced at least 4 times of hydrocarbon generation, which respectively occurred in middle-late Middle Jurassic, middle-late Early Cretaceous, middle-late Paleogene and middle Neogene to present (Fig. 10) . Due to the small amount of hydrocarbon generated by the Upper Palaeozoic source rock in Middle Triassic, we did not found hydrocarbon inclusions formed in this period. Among the five hydrocarbon generation stages, the hydrocarbon generation in middle-late Paleogene and middle Neogene to present were stronger compared with that in the other three stages. The secondary hydrocarbon generation mainly occurred in those areas where the burial depth (or temperature) of Palaeozoic source rocks at Himalayan period exceeded the maximal burial depth (or temperature) of Indosinian and Yanshanian periods. These areas were usually limited by the fault block framework and subsidence depth, with relatively separated distribution. The degree of secondary hydrocarbon generation also varies in different blocks. The strength of secondary hydrocarbon generation of Upper Palaeozoic source rocks at Himalayan period was controlled by the thermal evolution and subsidence scope prior to Cenozoic. Favorable conditions for Himalayan secondary hydrocarbon generation included shallow burial depth of Upper Palaeozoic source rocks and a low level of thermal evolution before Cenozoic, as well as a large subsidence at the Cenozoic era. On the other hand, if Upper Palaeozoic source rocks were buried too deep in Indosinian and Yanshanian periods and the evolution level of source rocks was too high, it would cause source rocks to generate substantial hydrocarbon. In this case, even if a secondary hydrocarbon generation of the Upper Palaeozoic source rocks occurred, it would have limited potential to form an industrial accumulation.
Migration condition
Hydrocarbon migration is an important link to connect the hydrocarbon generation and accumulation while the migration pathway is the most important controlling factor (Sun et al., 2009; Zhou et al., 2010) . The migration pathways of Eastern Linqing Depression mainly consist of faults, fractures and unconformities, among which faults and unconformities formed by several tectonic movements played a major role. After deposition, the Upper Palaeozoic experienced five strong tectonic movements including the Indosinian movement in Late Triassic, the Early Yanshanian movement in late Middle Jurassic, the Middle Yanshanian movement in Late Jurassic-Early Cretaceous, the Late Yanshanian movement in Late Cretaceous and the Himalayan movement in Paleogene (Qi et al., 2003; Peng et al., 2009) . The Indosinian and Late Yanshanian tectonic movements exposed Eastern Linqing Depression in the NW-SE compressing stress field and developed a number of northeast trending thrust faults and open folds (Fig. 11) . In particular, the Late Yanshanian tectonic movement was strong and intensely deformed the study area, leading to the loss of most early-stagegenerated hydrocarbon along faults. These two tectonic movements both substantially damaged the early-formed reservoirs. The Early Yanshanian movement mainly uplifted the whole Eastern Linqing Depression with weak tectonic activity. In this period, hydrocarbon mainly migrated laterally by the favorable migration sand bodies and unconformities. Eastern Linqing Depression was at the extensional fault basin stage in Late Jurassic-Early Cretaceous and Palaeogene. The tectonic activity was weak in Late Jurassic-Early Cretaceous, mainly as the development of boundary fault (Fig. 11) , but became intense in Palaeogene, not only reactivating the early-formed faults, but also forming a number of secondary fractures and cracks (Fig. 11) . Together the burial history and tectonic evolution section show that these two stages of fault activity match well with the stage of large-scale hydrocarbon generation. Therefore, these faults played a role in vertical gas migration, and the reservoirs formed before these two stages were destroyed with hydrocarbon migrating into the lower traps and accumulating into the secondary reservoirs. Figure 11 . Tectonic evolution of Section AA' (Section position is shown in Fig. 1 ).
In addition, Eastern Linqing Depression has experieced multiple tectonic activities and multi-stage hydrogeologic cycles in the history, resulting in the development of multiple unconformities. Due to long-term weathering erosion, the layer with good porosity and permeability developed under the unconformity surface. The reservoir property and connectivity of top Ordovician weathering crust are generally poor with porosity ranging from 6% to 13% and permeability ranging from 0.2×10 -3 µm 2 to 26.3 ×10 -3 µm 2 generally. These two parameters are relatively high only in some localized areas. The top Triassic weathering crust porosity has moderate reservoir property and connectivity with porosity ranging from 8% to 16% and permeability ranging from 0.6 ×10 -3 µm 2 to 47.4 ×10 -3 µm 2 generally. Similarly, the top Mesozoic weathering crust has moderate reservoir property and connectivity with porosity ranging from 5% to 17% and permeability ranging from 0.8 ×10 -3 µm 2 to 64.2 ×10 -3 µm 2 generally. Only these three unconformities have relatively good property and can be used as the pathway for lateral hydrocarbon migration.
Overall, the pathway for short gas migration is dominated by a single migration element. This is the case for reservoirs near the source rocks (e.g. Gaogu 4 gas reservoir). In contrast, natural gas in middle-shallow reservoirs needs to migrate through a long distance by multiple migration elements (Sun et al., 2009; Liu et al., 2010) .
Trap condition
Trap is a comprehensive result by multiple factors such as tectonic movement and deposition change. The effective matching between trap stereotyping time and hydrocarbon migration stage is the key factor for hydrocarbon accumulation. Only the traps formed before or at the hydrocarbon generation stage can become an effective trap to capture hydrocarbon, and those formed after the hydrocarbon generation stage can not accumulate hydrocarbon.
Before the formation of the present complex geological structure, Eastern Linqing Depression has experienced strong transformations by Indosinian movement, Yanshanian movement and Himalayan movement. In particular, the Himalayan tectonic movement is an important factor controlling the formation of tectonicdepositional framework and various traps. In Palaeozoic, tectonic activities were weak in Eastern Linqing Depression, with lithologic traps formed mainly by uplifting and subsidence. The Indosinian and Yanshanian tectonic movements were intense in Mesozoic. In the Early-Middle Triassic, tectonic activity was weak with some lithologic traps formed. Indosinian movement occurred in the Late Triassic which exposed the study area to the NW-SE compressing stress field and formed a number of compressional structural traps, which were transformed by the following tectonic movement and almost disappeared. Eastern Linqing Depression occurred as a depression basin in the Early-Middle Jurassic (J 1-2 ), when lithologic traps, rather than structural traps, were well developed. Due to the Middle Yanshanian movement in Late Jurassic-Early Cretaceous (J 3 -K 1 ), block faulting in Eastern Linqing Depression was relatively intense, resulting in a series of faults and the formation of some Palaeozoic and Mesozoic structural traps. Late Jurassic-Early Cretaceous is the second period for the formation of structural traps (Fig. 11) . As affected by the Himalayan movement in Paleogene (E), Eastern Linqing Depression was extended to form a number of new faults while the ancient faults were reactivated simultaneously. These fault activities transformed the Palaeozoic and Mesozoic structural traps and formed new structural traps. The Paleogene was the third formation period for structural traps in this area, as well as the last stage for all traps to form a pattern (Fig. 11) . The most common type is structural trap distributed in the bulges and the slopes of sags, including fault-block trap, faulted anticline trap, fault-nose trap and litho-tectonic trap (Fig. 12) . According to the figure of burial history, we suggest that lithologic traps in the Early-Middle Triassic and Early Jurassic, as well as structural traps in the Late Jurassic-Early Cretaceous and Paleogene were formed before or at the hydrocarbon generation stages. The good match between stages of trap formation and hydrocarbon generation suggests that associated traps are effective.
Accumulation models of natural gas
The Upper Palaeozoic source rocks in Eastern Linqing Depression experienced five hydrocarbon generation stages (Fig. 13) . Indosinian period was the first hydrocarbon generation stage when the source rocks produced a small amount of hydrocarbon, mainly low-mature hydrocarbon due to the low thermal evolution level of source rocks. The secondary hydrocarbon generation in Yanshanian period occurred so early that the reservoirs formed in this stage was subjected to a long-term damage. In particular, the strong compression in Late Cretaceous and intense faults activities in Paleogene substantially damaged the early reservoirs, unfavorable to the preservation of hydrocarbon.
The Early-Middle Himalayan period (middle-late Paleogene) was the stage when the secondary hydrocarbon generation of Upper Palaeozoic source rocks was most intense, as well as the last stage when all traps to form a pattern. There is a good match between the stage of hydrocarbon generation and the trap formation. The hydrocarbon (Fig. 14) .
The entire Eastern Linqing Depression occurred as a depression basin in Late Himalayan period (N-Q) when secondary hydrocarbon generation occurred widely in the Upper Palaeozoic source rocks. However, due to the weak tectonic activity and the cease of fault development during this period, hydrocarbon generated by Upper Palaeozoic source rocks could not migrate to the upper traps. On the other hand, the top Ordovician weathering crust has relatively poor reservoir property and the reservoirs in the Upper Palaeozoic and Lower Palaeozoic experienced intense diagenesis with poor physical property and connectivity. The lack of good migration pathways lead to the difficulty in long-distance migration and accumulation of hydrocarbon generated by Upper Palaeozoic coal-measure source rocks. Hydrocarbon generated in this stage was only preserved in the traps near the secondary generation center, leading to the formation of Upper Palaeozoic-generating and Upper Palaeozoic-preserving reservoirs and Upper Palaeozoic-generating and Lower Palaeozoic-preserving reservoirs (Fig. 14) . In summary, this work demonstrated that the hydrocarbon accumulation of Upper Palaeozoic in Eastern Linqing Depression is characterized by secondary hydrocarbon generation, late-period accumulation, one source with multiple generation centers and crossing-over accumulation assemblage (Fig. 13) . Four hydrocarbon accumulation models were identified, including the Upper Palaeozoic-generating and Mesozoic-preserving reservoirs, the Upper Palaeozoic-generating and Cenozoic-preserving reservoirs, the Upper Palaeozoic-generating and Upper Palaeozoic-preserving reservoirs and Upper Palaeozoic-generating reservoirs and Lower Palaeozoic-preserving reservoirs (Fig. 14) .
PREDICTION OF FAVORABLE EXPLORATION TARGET
Based on our findings, we suggest that the Upper Palaeozoic coal-measure source rocks of Eastern Linqing Depression possess the material basis for large-scale hydrocarbon accumulation. In addition, the Upper Palaeozoic coal-measure source rocks experienced several stages of hydrocarbon generation during Mesozoic and Cenozoic periods, with good matches between the stages of hydrocarbon generation and trap formation. Therefore, Eastern Linqing Depression has the favorable hydrocarbon accumulation conditions. At present, several large-scale coal-derived gas reservoirs have been discovered in Dongpu sag located to the south of the study area. Such Upper Palaeozoic-generating and Upper Palaeozoic-preserving reservoirs have also been found in Huanghua Depression, which has similar geological conditions to our study area. Together these evidences show that Upper Palaeozoic of Eastern Linqing Depression has great potential for coal-derived gas exploration.
(1) Focusing on fault depressions for hydrocarbon exploration The Upper Palaeozoic source rocks of Eastern Linqing Depression mainly generated natural gas, which requires strict conditions for preservation. As Eastern Linqing Depression has experienced multi-stage of tectonic evolution, the natural gas reservoir formed before Cenozoic has largely been destroyed with most hydrocarbon escaped. Thus, the analyses of secondary generation stages and preserving conditions of hydrocarbon showed that the Upper Palaeozoic source rocks were well preserved with intense secondary hydrocarbon generation in the Cenozoic fault depressions. In addition, extensional faults that occurred in this area could contribute to hydrocarbon migration, further favoring coal-derived gas accumulation. (2) Considering late-period accumulation as the main reservoir type for exploration At present, several coal-derived gas reservoirs have been found in the Bohai Bay area, including Suqiao coal-derived gas reservoirs in Jizhong Depression, Wumaying coalderived gas reservoirs in Southern Huanghua Depression, Wenliu coal-derived gas reservoirs in Dongpu sag, and Gubei coal-derived gas reservoirs in Jiyang Depression. All these gas reservoirs were formed by secondary generation of Upper Palaeozoic source rocks, thus featuring late-period accumulation. Combined with the above-mentioned findings in this study, we suggest that late-period accumulation should be the main type for exploration of Upper Palaeozoic coal-derived gas in Eastern Linqing Depression.
CONCLUSIONS
(1) The Upper Palaeozoic source rocks in Eastern Linqing Depression mainly consist of the coal-measure strata of Benxi-Taiyuan Formations in Carboniferous, Shanxi Formation and the Lower Shihezi Formation in Permian. The organic content is high in dark mudstones, carbonaceous mudstones and coals, with kerogen type III as the dominant type. The source rocks in the fault depressions (or sags) have reached maturity or even over-maturity, with a high degree of evolution, while the source rocks in the bulges are at a lower level of evolution. (4) The Upper Palaeozoic coal-measure strata experienced 5 hydrocarbon generation stages respectively in the Middle Triassic, middle-late Middle Jurassic, middle-late Early Cretaceous, middle-late Paleogene and middle Neogene to present. Hydrocarbon generation in middle-late Paleogene and middle Neogene to present were stronger than that in the other three stages. The stages of traps formation matched well with that of hydrocarbon generation, indicating that the traps were effective. The hydrocarbon generated by the coal-measure source rocks could migrate by faults and unconformities, then accumulating in reservoirs.
(5) The analyses of hydrocarbon accumulation elements and conditions indicate that reservoirs formed before Cenozoic were largely destroyed by tectonic movements, with most hydrocarbon generated by Upper Palaeozoic coal-measure source rocks lost. Only the hydrocarbon generated in Cenozoic were effectively preserved. The Upper Palaeozoic-generating and Mesozoic-preserving reservoirs and the Upper Palaeozoic-generating and Cenozoic-preserving reservoirs were formed in Paleogene. The Upper Palaeozoic-generating and Upper Palaeozoic-preserving reservoirs and the Upper Palaeozoic-generating and Lower Palaeozoic-preserving reservoirs were mainly formed from Neogene to present.
